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We report the effects of the ferroelectric-poling-induced strain on the phase separation, magnetic, and
magnetotransport properties of La0.7Ca0.15Sr0.15MnO3 �LCSMO� thin films grown on ferroelectric
0.67Pb�Mg1/3Nb2/3�O3-0.33PbTiO3 �PMN-PT� single-crystal substrates. In situ x-ray diffraction measurements
show that the ferroelectric poling induces a reduction in the in-plane tensile strain in the LCSMO film, which
gives rise to a decrease in the resistance and an increase in the ferromagnetism and Curie temperature TC. The
induced reduction in the tensile strain leads to opposite effect on the magnetoresistance below and above TC.
Based on a phenomenogical model that well reproduces the essential features of the field- and temperature-
dependence of the resistance of the LCSMO film when the PMN-PT substrate is in unpoled and poled state,
respectively, we found that the volume fraction of the ferromagnetic metallic phase is significantly enhanced
due to the reduction in the in-plane tensile strain in the film. We discuss these strain effects within the
framework of the electron-lattice coupling and phase separation scenario that are relevant to the strain induced
by the ferroelectric poling.
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I. INTRODUCTION

Colossal magnetoresistance �CMR� manganites
La1−xAxMnO3 �A=Ca,Sr,Ba� have attracted considerable
attention due to their interesting physical properties and pos-
sible device applications.1 Although the properties of manga-
nites have been extensively studied in the last decade, some
fundamental aspects of their physical behaviors are still not
fully understood. In particular, the underlying mechanism for
the phase separation, i.e., coexistence of ferromagnetic me-
tallic �FMM� and charge-ordered antiferromagnetic insulat-
ing �AFI� or paramagnetic insulating �PMI� phases within
the same sample, and its influence on the magnetoresistance
�MR� are still under investigation. Recent studies indicate
that many variables can strongly influence the energy bal-
ance between the coexisting phases and therefore affects the
magnetic and transport properties of manganite thin films.
Tebano et al.2 studied the effects of the in-plane compressive
strain on the phase separation in La0.7Sr0.3MnO3 thin films
grown on LaAlO3 substrates and found that, with decreasing
film thickness from 39 to 12 nm, the substrate-induced in-
plane compressive strain induces an 3z2−r2 orbital ordered
C-type AFI phase in the FMM matrix, which strongly influ-
ences the magnetic and transport properties of the films. In
contrast, Gillaspie et al.3 found that the substrate-induced
in-plane compressive strain suppresses the charge-ordered
insulating phase and favors the FMM phase in phase-
separated La0.325Pr0.3Ca0.375MnO3 films. Bibes et al.4 re-
ported that, irrespective of whether the substrate-induced
strain is compressive or tensile, with decreasing film thick-
ness from 108 to 2.4 nm, the resistivity and the low-
temperature MR increases while the metal-to-insulator tran-
sition temperature TP decreases systematically in
La0.67Ca0.33MnO3 films grown on different types of sub-

strates. They concluded that the phase separation arising
from the differences in growth mechanisms and the disorders
in Mn-O bond lengths and Mn-O-Mn bond angles at the
interface induced by the different atomic terminations of the
uppermost atomic layers of the substrate is responsible for
the transport and magnetic properties of the films. Biswas
and co-workers5,6 reported that the nonuniform distribution
of the strain due to the three-dimensional growth mode of the
films induces a charge-ordered insulating phase in the FMM
matrix in La0.67Ca0.33MnO3 films grown on LaAlO3 sub-
strates, which consequently suppresses the ferromagnetism
of the films. Similar findings have been reported for
La0.67Ca0.33MnO3 films grown on SrLaAlO4 substrates with
in-plane compressive strain by Peña et al.7 Moreover, Ogale
et al.8 found that oxygen deficiency can result in a significant
change in the microscopic constitution of the electronic and
magnetic phases in �La0.6Pr0.4�0.7Ca0.3MnO3 films. These re-
sults demonstrate that the phase separation phenomena in
manganite thin films is quite complex and is discussed con-
troversially. In order to obtain more insight into the intrinsic
effects of the substrate-induced strain on phase separation
and MR, it is necessary to investigate the properties of man-
ganite thin films using the same thin-film sample so that
certain extrinsic effects, such as those induced by different
types of substrates, growth modes, atomic terminations of
substrate surface, and oxygen nonstoichiometry, can be kept
constant.

In this paper, we studied the effects of the substrate-
induced strain on the phase separation and MR of epitaxial
La0.7Ca0.15Sr0.15MnO3 �LCSMO� thin films grown on ferro-
electric 0.67Pb�Mg1/3Nb2/3�O3-0.33PbTiO3 �PMN-PT�
single-crystals substrates. Here, the ferroelectric poling in
situ induces an in-plane compressive strain in the PMN-PT
substrate. The induced strain is simultaneously transferred to
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the film, thus the in-plane tensile strain in the film is reduced,
which results in a significant decrease in the resistance and
an increase in the ferromagnetism and Curie temperature
�TC� of the film. Furthermore, it was found that the induced
reduction in the in-plane tensile strain leads to opposite ef-
fect on MR below and above TC, namely, MR is reduced for
T�TC while MR is enhanced for T�TC. These induced
strain effects were closely related to the Jahn-Teller �JT�
electron-lattice coupling that is relevant to the strain induced
by the ferroelectric poling.

II. EXPERIMENTAL DETAILS

The PMN-PT single crystals were grown by a modified
Bridgman technique9 at the Shanghai Institute of Ceramics.
The crystals were cut into small plates �10 mm�2.5 mm
�0.5 mm� with the plate normal in the �001� crystal direc-
tion and polished to a surface roughness less than 1 nm.
LCSMO films were deposited on the �001�-oriented and pol-
ished PMN-PT substrates using dc magnetron sputtering.
The deposition was carried out in an argon-oxygen flow with
60% Ar and 40% O2 at a pressure of 5 Pa and a substrate
temperature of 700 °C. After deposition, the films were
cooled to room temperature and postannealed in 1 atm
of flowing O2 at 700 °C for 30 min using a rapid thermal
processor furnace. Although the lattice constants �a�b�c
�4.02 Å� �Ref. 10� of the PMN-PT substrate are larger
than those of the LCSMO bulk material, i.e., a�b�c
�3.888 Å,11 it is still possible to epitaxially grow perovskite
manganite thin films, e.g., La1−xAxMnO3 �A=Ca,Sr�, on �1
−x�PMN-xPT single-crystal substrates,12–15 as revealed by
x-ray diffraction �XRD�. The thickness of these films is es-
timated to be �65 nm. XRD patterns of the PMN-PT sub-
strate and LCSMO film were recorded using a four-circle
Bruker D8 Discover x-ray diffractometer equipped with
Cu K�1 radiation.

The inset �a� of Fig. 1 is a schematic diagram of the
LCSMO/PMN-PT structure and the electrical measurement
circuit. A physical property measurement system �PPMS,

Quantum Design� was used to measure the resistance of the
film between the two top-top gold electrodes in the tempera-
ture range 25–325 K and in a magnetic field �up to 8 Tesla�
applied parallel to the film plane. Measurements of the leak-
age current in the PMN-PT substrate using a Keithley 6517A
electrometer indicate that the resistance of the PMN-PT sub-
strate is �3�109 � at room temperature. Compared to the
huge resistance of the PMN-PT substrate, the resistance
��3.6�103 � at room temperature� of the LCSMO film can
be reasonably neglected, namely, the conducting LCSMO
film in fact serves as the top electrode in the LCSMO/
PMN-PT structure.13 The poling of the PMN-PT substrate
was achieved by applying a dc poling field E to the LCSMO/
PMN-PT structure through the top LCSMO film �held at low
potential� and the bottom gold electrode �held at high poten-
tial� using a Model PS325 high-voltage power supply �Stan-
ford Research Systems, Inc.� and the same electric measure-
ment circuit shown in the inset �a� of Fig. 1. The magnetic
properties of the LCSMO film were measured using a super-
conducting quantum interference device �SQUID, Quantum
Design� magnetometer with the magnetic field applied paral-
lel to the film plane.

III. RESULTS AND DISCUSSION

Figure 1 shows the XRD pattern of the LCSMO/PMN-PT
structure when the PMN-PT substrate is in the unpoled state
�denoted by Pr

0�. The XRD pattern indicates that the film is
highly �001�-oriented and has no secondary phases. The out-
of-plane or c-axis lattice constant of the film calculated from
the LCSMO�002� reflection is �3.856 Å. This value is
smaller than the c-axis lattice constant �c�3.888 Å�11 of the
LCSMO bulk material, indicating that the film is subjected to
an out-of-plane compressive ��zz=−0.82%� and in-plane ten-
sile strain, consistent with the fact that the lattice constants of
the LCSMO bulk material are smaller than those �a�b�c
�4.02 Å� of the PMN-PT substrate. XRD � scans on the
LCSMO�101� and PMN-PT�101� reflections were also per-
formed. A fourfold symmetry is seen for both the LCSMO
film and the PMN-PT substrate, as shown in the inset �b� and
�c� of Fig. 1, respectively, which indicates a cube-on-cube
epitaxial growth of the LCSMO film on the PMN-PT sub-
strate.

The effects of the strain induced by the ferroelectric pol-
ing on the transport properties of the LCSMO film were
characterized by measuring the resistance of the film be-
tween the two top-top gold electrodes as a function of the
electric field E applied to the LCSMO/PMN-PT structure
through the top and bottom electrodes �see inset �a� of Fig. 1�
at a fixed temperature of 294 K. It is noted that the PMN-PT
substrate was initially in Pr

0 state and the electric field E was
increased from 0 to 8 kV/cm in steps of 0.2 kV/cm. In Fig. 2,
we show the relative change in the resistance, 	R /R, of the
film as a function of E. Here, 	R /R is defined as 	R /R
= �R�E�−R�0�� /R�0� where R�E� and R�0� are the resistance
of the film under an electric field E and zero electric field,
respectively. One sees that the resistance is almost field in-
dependent for E
2.2 kV /cm, but decreases drastically with
increasing E from 2.2 to 3 kV/cm and decreases gently with
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FIG. 1. �Color online� X-ray diffraction pattern of the LCSMO/
PMN-PT structure. Inset �a� shows a schematic diagram of the
LCSMO/PMN-PT structure and the electrical measurement circuit.
The arrow in the inset �a� represents the poling direction. Inset �b�
and �c� show the XRD � scans on the LCSMO�101� and PMN-
PT�101� reflections, respectively.
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further increase in E. Such a large electric-field-induced de-
crease in the resistance is similar to that observed in
La0.875Ba0.125MnO3 /PMN-PT structure16 and is probably due
to a reduction in the in-plane tensile strain in the film in-
duced by the alignment of the ferroelectric domains toward
the field direction in the PMN-PT substrate. This is con-
firmed by in situ XRD measurements on the LCSMO/
PMN-PT structure using the same electric configuration as
that shown in the inset �a� of Fig. 1. The XRD measurements
were made during the application of an electric field E �0

E
8 kV /cm� to the LCSMO/PMN-PT structure through
the top and bottom electrodes. Note that the PMN-PT sub-
strate was initially in Pr

0 state. With increasing electric field
from 0 to 8 kV/cm, we found that both the c-axis lattice
constants of the PMN-PT substrate and the LCSMO film
increase, as reflected by the shift of the 2� angles of the
PMN-PT�002� and LCSMO�002� reflections to lower values
�see the selected XRD patterns shown in the inset of Fig. 2�.
For E=8 kV /cm, the c-axis lattice constant of the film is
measured to be �3.869 Å, which is closer to but still
smaller than that of the LCSMO bulk material. This indicates
that the film is still under out-of-plane compressive ��zz=
−0.49%� and in-plane tensile strain, although the in-plane
tensile strain has been significantly reduced as a result of the
ferroelectric poling. Using the expression �zz=−2� / �1
−���xx, where �zz, �xx, and � are the out-of-plane strain, in-
plane strain, and Poisson’s ratio, respectively, and assuming
approximate volume preserving distortion, i.e., �=0.5, for
the LCSMO film, the induced change in the in-plane tensile
strain �xx �defined as �xx=�xx�E�−�xx�0�� is �−0.165% for
E=8 kV /cm. Therefore, the reduction in the in-plane tensile
strain in the film induced by the ferroelectric poling should
be responsible for the transport behavior of the film shown in
Fig. 2.

Figures 3�a� and 3�b� show the temperature-dependence
of the resistance for the LCSMO film in different magnetic
fields H when the PMN-PT substrate is in Pr

0 and Pr
+ state

�i.e., the polarization direction in the PMN-PT substrate

points to the film�, respectively. When the PMN-PT substrate
is in Pr

0 state and H=0 T, the resistance of the film increases
with decreasing temperature from 325 K and undergoes an
insulator-to-metal transition at TP�216 K, exhibiting the
typical transport behaviors of CMR materials. After the mea-
surements of the resistance of the LCSMO film as a function
of temperature in different magnetic fields when the
PMN-PT substrate is in Pr

0 state, we poled the PMN-PT sub-
strate by applying an electric field of 10 kV/cm to the
PMN-PT substrate through the top and bottom electrodes at
room temperature and turned off the electric field after the
PMN-PT substrate has been poled for 10 min. It is interest-
ing to find that, after the PMN-PT substrate has been poled to
Pr

+ state, TP of the film increases significantly and the resis-
tance is reduced in the whole temperature range. The relative
change in the resistance, 	R /R, �here, 	R /R= �R�Pr

0�
−R�Pr

+�� /R�Pr
0�� of the film between Pr

0 and Pr
+ state at H

=0 T is shown in the inset �b� of Fig. 3�b�.
According to the low-temperature XRD results obtained

from the PMN-PT polycrystalline sample and the phase dia-
gram of �1−x�PMN-xPT proposed by Noheda et al.,10 there
is no structural phase transition for T
300 K. Nevertheless,
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FIG. 2. �Color online� Relative change in the resistance of the
LCSMO film between the two top-top gold electrodes at 294 K as a
function of the electric fields applied to the LCSMO/PMN-PT struc-
ture through the top and bottom electrodes. Inset shows the XRD
patterns for the LCSMO/PMN-PT structure under zero electric field
and an electric field of 8 kV/cm. The PMN-PT substrate is initially
in Pr

0 state.
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FIG. 3. �Color online� �a� Temperature-dependence of the resis-
tance for the LCSMO film at H=0, 2, 4, 6, and 8 T when the
PMN-PT substrate is in Pr

0 state. The solid lines are the fitted results
using Eq. �1�. The inset in �a� shows ln R vs T−1/4 and ln R /T vs
1000 /T curves at H=0 T and when the PMN-PT substrate is in Pr

0

state. �b� Temperature-dependence of the resistance for the LCSMO
film at H=0, 2, 4, 6, and 8 T when the PMN-PT substrate is in Pr

+

state. The solid lines are the fitted results using Eq. �1�. Inset �a�
shows the XRD patterns for the LCSMO/PMN-PT structure when
the PMN-PT substrate is in Pr

0 and Pr
+ state, respectively. Inset �b�

shows the relative change in the resistance, 	R /R, of the film. Here,
	R /R= �R�Pr

0�−R�Pr
+�� /R��Pr

0��. Note that the poling field was
turned off after the PMN-PT substrate had been poled to Pr

+ state.
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with increasing temperature from 20 to 300 K, the lattice
constants of the PMN-PT substrate changes smoothly by
�0.01 Å.10 This value is the same as that ��0.01 Å�17,18

observed in the extensively used SrTiO3 single-crystal sub-
strates. Moreover, all the transport and magnetic data re-
ported in this paper were obtained from the same piece of
LCSMO/PMN-PT structure. So, the change in the lattice
constants with temperature when the PMN-PT substrate was
in Pr

0 state is the same as that when the PMN-PT substrate
was in Pr

+ state. Therefore, the effects of the changes in the
lattice constants of the PMN-PT substrate with temperature
on the transport and magnetic properties of the LCSMO film
could be neglected.

As pointed out by Ahn et al.,19 the poling of the ferro-
electrics in manganite/ferroelectrics heterostructures would
give rise to a depletion or accumulation of the charge carriers
in the manganite film and hence influence the transport
and magnetic properties of the film. The polarization-field-
induced change in the charge carrier density 	n can be
estimated using 	n=	P /ed,20 where 	P is the remnant
polarization of the PMN-PT substrate, e is the unit
charge, and d is the thickness of the LCSMO film. Using
	P�32 �C /cm2 and d�65 nm, one obtains 	n�3.1
�1019 /cm3. Assuming a moderate charge carrier density of
n=5�1021 /cm3 for the LCSMO film, we obtain 	n /n
�0.6%. Assuming that the relative change in the resistance
is proportional to the relative change in the charge carrier
density, i.e., 	R /R�	n /n,21,22 it is estimated that the
polarization-field-induced change in the resistance is �0.6%.
Since the polarization direction points to the LCSMO film,
the holes in the film would be depleted by the polarization
field. Thus, if one only considers the ferroelectric field
effect, the resistance of the film should increase by �0.6%.
Nevertheless, in real practice, the sign of the change in
the resistance is opposite to that expected from the ferro-
electric field effect, and moreover, the observed 	R /R
�see inset �b� of Fig. 3�b�� is much larger than 0.6%. Further-
more, provided that the ferroelectric field effect plays a
dominant role in influencing the transport properties of
the film, the resistance electric field �R-E� hysteresis loop
should show a squarelike shape, as previously observed
in La1−xBaxMnO3�x=0.1,0.15� /Pb�Zr0.2Ti0.8�TiO3 �Ref. 22�
and La0.8Ca0.2MnO3 /Pb�Zr0.2Ti0.8�TiO3 �Ref. 23� ferro-
electric field effect transistor structures. To obtain further
insight into the ferroelectric field effect in the LCSMO/
PMN-PT structure, we measured the R-E hysteresis
loop of the LCSMO/PMN-PT structure and show the
results in Fig. 4. The R-E hysteresis loop shows a
butterflylike shape, which is the typical behavior of the
resistance due to the strain induced by the rotation of
the polarization direction in the PMN-PT substrate.
Similar butterflylike R-E hysteresis loop has been observed
in La0.7Sr0.3MnO3 /0.72Pb�Mg1/3Nb2/3�O3-0.28PbTiO3
structure.12 Thus, we believe that the ferroelectric field effect
in the LCSMO/PMN-PT structure is minor and negligible.13

Since the ferroelectric Curie temperature of the PMN-PT
substrate is �155 °C �much higher than room temperature�,
the polarization direction in the PMN-PT substrate will still
point toward the poling direction even if the poling field was
turned off. As a consequence, there is a remnant strain in the

PMN-PT substrate, as reflected by the shift of the PMN-
PT�002� reflection toward lower 2� value �inset �a� of Fig.
3�b��. The remnant strain has been transferred to the film,
causing a contraction of the in-plane lattice constants and an
expansion of the out-of-plane lattice constant of the LCSMO
film, which is reflected by the shift of the LCSMO�002� re-
flection toward lower 2� value �inset �a� of Fig. 3�b��. The
XRD results show that the c-axis lattice constant of the film
increases from 3.856 Å for Pr

0 state to 3.864 Å for Pr
+ state,

corresponding to a decrease in the in-plane tensile strain
from 0.41% to 0.31%, �i.e., �xx=−0.1%�. All these results
indicate that the ferroelectric-poling-induced remnant strain
in the PMN-PT substrate should be responsible for the reduc-
tion in the in-plane tensile strain, the decrease in the resis-
tance and the increase in the Curie temperature of the
LCSMO film, in agreement with the theoretical calculations
by Millis et al.24 and Perroni et al.25 who showed that a small
reduction in the biaxial strain could induce a large decrease
in the resistance and an enhancement in the transition tem-
perature in the CMR region for manganite films.

Figure 5 shows the temperature-dependence of MR at H
=2, 4, and 8 T when the PMN-PT substrate is in Pr

0 and Pr
+

states, respectively. Here, MR is defined as MR= �R�0�
−R�H�� /R�0� where R�0� and R�H� are the resistance of the
film in zero magnetic field and a magnetic field H, respec-
tively. It is interesting to note that the MR versus T curves
for Pr

0 and Pr
+ states have a crossover near TC at any H value,

indicating that a reduction in the in-plane tensile strain leads
to opposite effect on MR above and below TC, namely, MR
is reduced in the ferromagnetic state while MR is enhanced
in the paramagnetic state. To get a clearer understanding of
the effects of the induced strain on MR, we measured MR of
the film at various fixed temperatures covering the range
from the ferromagnetic state to paramagnetic state. Figure 6
shows MR versus H curves at several temperatures when the
PMN-PT substrate is in Pr

0 and Pr
+ state, respectively. The

results clearly indicate that, in comparison with the MR
when the PMN-PT substrate is in Pr

0 state, the MR value
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FIG. 4. Relative change in the resistance of the LCSMO film
between the two top-top gold electrodes at 296 K as a function of
bipolar electric field applied to the PMN-PT substrate through the
top and bottom electrodes. The PMN-PT substrate was initially in
Pr

+ state and the electric field was changed in the sequence of
0 kV /cm→−8.3 kV /cm→+8.3 kV /cm→0 kV /cm.
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when the PMN-PT substrate is in Pr
+ state is reduced in the

ferromagnetic state �e.g., 9, 91, 146, and 200 K� but en-
hanced in the paramagnetic state �e.g., 216, 245, 274, 306,
and 325 K�, consistent with the behaviors of the MR versus
T curves shown in Fig. 5.

A wide variety of experimental results and theoretical cal-
culations have convincingly demonstrated that manganites,
especially those displaying insulator-to-metal transition and
CMR effect, intrinsically phase separates into PMI and FMM
phases.26–29 For T�TC, the materials are in the PMI state.
Upon cooling to a characteristic temperature Tonset �Tonset
�TC�, the ferromagnetically coupled Mn3+-O-Mn4+ pairs
start to segregate into larger ferromagnetic regions within a

paramagnetic matrix and grow in size with decreasing tem-
perature. At TC, the competition between the PMI phase and
the FMM phase reaches a balance. Upon further cooling
from TC, the FMM phase further grows at the expense of the
PMI phase, and thus dominates over the PMI phase in ferro-
magnetic state. Assuming that these phase separation behav-
iors exist in the LCSMO film and following the phenom-
enogical model that describes the phase separation below
and above TC proposed by Yuan et al.30 and Li et al.,31 the
total resistance of the LCSMO film can be considered as a
serial combination of the resistance of the coexisting phases
and can be expressed as

R = fFMRFM + �1 − fFM�RPM , �1�

where fFM and �1− fFM� are the volume fractions of the
FMM phase and the PMI phase, and RFM and RPM are the
resistance of the FMM phase and the PMI phase, respec-
tively. The temperature-dependence of fFM obeys a two
energy-level Boltzmann distribution and can be expressed
as30,31

fFM =
1

1 + exp�	U/kBT�
, �2�

where 	U is the energy difference between the FMM phase
and the PMI phase and can be written as

	U = − U0�H,�xx��1 − T/TP
mod�H,�xx�� , �3�

where TP
mod is the insulator-to-metal transition temperature

used in the phenomenogical model and is close to TP of the
film, and U0 is the energy difference between the FMM
phase and the PMI phase at T=0 K. Combining Eq. �2� with
Eq. �3�, we obtain

fFM =
1

1 + exp�U0/kB�1/TP
mod − 1/T��

. �4�

It is clear that, at the low temperature �T�TP
mod�, fFM �1

while at high temperature �T�TP
mod�, fFM �0.

In the high-temperature region �T�TP�, it is found that,
whether the PMN-PT substrate is in Pr

0 or Pr
+ state, the re-

sistance data are well fitted to the equation derived from the
variable-range-hopping �VRH� model

RPM�T� = C exp��T0/T�1/4� , �5�

where T0 is a characteristic temperature and C is a constant.
The inset in Fig. 3�a� shows the ln R vs T−1/4 curve when the
PMN-PT substrate is in Pr

0 state and H=0 T. We have also
fitted these resistance data to the expression derived from the
small polaron model: R�T�=R0T exp�Ea /kBT� �see the inset
of Fig. 3�a��. We found that the resistance data can be lin-
early fitted in the temperature range from 245 to 325 K and
261 to 325 K using the VRH and the small polaron model,
respectively, indicating that the VRH model gives a better
description of the resistance data for T�TP than the small
polaron model. In the low-temperature FMM state, previous
studies have shown that the resistance can be ascribed to the
contributions from �a� residual resistance R0, �b� single-
magnon’s scattering term AT2, and �c� electron-phonon inter-
action term BT5, so the resistance can be expressed as32
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RFM�T� = R0 + AT2 + BT5. �6�

Putting Eqs. �4�–�6� into Eq. �1�, we fitted the temperature-
and field-dependence of the resistance for the LCSMO film
in the temperature region from 25 to 325 K when the
PMN-PT substrate is in Pr

0 and Pr
+ state, respectively. The

values of the fitting parameters obtained are shown in Tables
I and II, respectively. The solid lines in Figs. 3�a� and 3�b�
are the fitted results, which agree well with the experimental
data.

Putting the values of the parameters U0 /kB and TP
mod

shown in Tables I and II into Eqs. �4�, we obtain the
temperature- and field-dependent volume fraction of the
FMM phase when the PMN-PT substrate is in Pr

0 and Pr
+

state, respectively �see Fig. 7�. The essential features of the
temperature-dependence of fFM in different magnetic fields
are similar to those of the fFM values of La0.67Ca0.33MnO3
extracted from the resistivity data using the effective-
medium approximation method by Jaime et al.32 One sees
that, associated with the ferroelectric poling, the volume
fraction of the FMM phase in different magnetic fields is
significantly enhanced. As discussed above, when the
PMN-PT substrate is in Pr

0 state, the film is subjected to an
out-of-plane compressive and in-plane tensile strain, which
indicates that the MnO6 octahedra are compressed along c
axis and elongated in the film plane.33 This strain-induced
biaxial distortion of MnO6 octahedra tends to localize the
charge carriers due to the JT electron-lattice coupling, as
pointed out by Millis et al.24 When the in-plane tensile strain
is reduced due to the ferroelectric poling, the biaxial distor-
tion of the MnO6 octahedra will decrease, so the JT electron-
lattice coupling strength is weakened and the delocalization
and hopping of charge carriers are favored.24,34,35 This, in

turn, would enhance the ferromagnetism and TC of the film
since the double-exchange-induced ferromagnetism demands
the active hopping of charge carriers. As shown in Fig. 8 and
the inset �a� and �b� of Fig. 8, both the magnetization and TC
of the film are enhanced significantly associated with the
reduction in the in-plane tensile strain induced by the ferro-
electric poling, which is consistent with the above picture.

Now, if the phase separation scenario and the electron-
lattice coupling that are relevant to the strain induced by the
ferroelectric poling are taken into account, the opposite ef-
fect of the induced strain on MR below and above TC can be
understood as follows. At TC, the FMM phase strongly com-
petes with the PMI phase and the volume fraction of these
two phases reaches a balance. The critical ratio of fFM to
�1− fFM� �i.e., �C= fFM / �1− fFM�� is optimal at TC where MR
shows the maximal value. It is clear that, if the value of
fFM / �1− fFM� is larger or smaller than �C, MR would de-
crease, namely, the closer the value of fFM / �1− fFM� to �C,
the larger the MR. Whether the LCSMO film is in the PMI
state or the FMM state, a reduction in the electron-lattice
coupling would enhance fFM. In the high-temperature PMI
state, the value of fFM / �1− fFM� should be less than �C be-
cause the PMI phase dominates over the FMM phase with
respect to that at TC. So, the increase in fFM would cause the
value of fFM / �1− fFM� to be closer to �C, thereby enhancing
MR. Nevertheless, in the low-temperature FMM state �T
�TC�, the increase in fFM would cause the value of fFM / �1
− fFM� ever larger than �C, thereby reducing MR.

IV. CONCLUSIONS

In summary, using ferroelectric PMN-PT single crystals
as substrates, we have studied the intrinsic effects of

TABLE I. Summary of the fitted values of the parameters R0, A, B, C, U0 /kB, TP
mod, and T0 for the

LCSMO film at H=0, 2, 4, 6, and 8 T when the PMN-PT substrate is in Pr
0 state.

H
�T�

R0

�k��
A

�k� K−2�
B

�k� K−5�
C

�k��
U0 /kB

�K�
TP

mod

�K�
T0

�K�

0 0.26 2�10−5 2.19�10−11 2.27�10−7 3078.5 215.8 2.09�107

2 0.22 2�10−5 9.06�10−12 7.66�10−7 3046.4 239.7 1.39�107

4 0.19 2�10−5 4.50�10−12 3.88�10−6 2980.8 257.8 7.7�106

6 0.18 2�10−5 2.53�10−12 9.99�10−7 2926.6 273.8 4.86�106

8 0.17 1�10−5 1.53�10−12 6.43�10−7 2917.5 290.1 4.57�106

TABLE II. Summary of the fitted values of the parameters R0, A, B, C, U0 /kB, TP
mod, and T0 for the

LCSMO film at H=0, 2, 4, 6, and 8 T when the PMN-PT substrate is in Pr
+ state.

H
�T�

R0

�k��
A

�k� K−2�
B

�k� K−5�
C

�k��
U0 /kB

�K�
TP

mod

�K�
T0

�K�

0 0.12 5.98�10−5 8.42�10−12 6.08�10−7 3338.4 223.3 1.65�107

2 0.10 7.26�10−5 3.98�10−12 1.07�10−7 3316.5 249.6 1.32�107

4 0.09 8.08�10−5 2.10�10−12 5.59�10−6 3337.7 267.0 7.83�106

6 0.08 7.16�10−5 1.13�10−12 2.0�10−5 3200.8 278.5 5.40�106

8 0.08 6.57�10−5 7.33�10−13 1.0�10−5 3129.5 292.5 5.31�106
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substrate-induced strain on the phase separation, magnetic,
and magnetotransport properties of LCSMO thin films by in
situ inducing strain in the film via the ferroelectric poling of
the PMN-PT substrate. The ferroelectric poling leads to a
reduction in the in-plane tensile strain in the film, giving rise
to a weakening of the electron-lattice coupling and thus a
decrease in the resistance and an increase in the ferromag-
netism and TC of the film. The induced reduction in the in-
plane tensile strain leads to opposite effect on MR below and
above TC, namely, MR is reduced for T�TC while MR is
enhanced for T�TC. These strain effects on magnetic and
magnetotransport properties are closely related to the phase
separation which is found to be suppressed in the ferromag-

netic state but enhanced in the paramagnetic state as a result
of the ferroelectric-poling-induced strain.
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